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FOREWORD

This report is the result of a theoretical development and examination of the generalized
adjoint concept and the conditions under which systems analysis using adjoints is valid. The
results developed in this report are useful aids for the analysis and modeling of physical
systems, including the development of guidance and control algorithms, and in developing
simulations.” This report defines and develops the generalized adjoint of an input-output system.
The generalized adjoint of a system may be used to represent the inverse of a system, which
may be used in systems analysis. Furthermore, the generalized adjoint condenses system
behavior in a way that facilitates analysis of the effect of noise and disturbance on a system.

The author is indebted to Professor W.L. Root (1919-2007) for help the earlier drafts
which became this report.

This report has been reviewed by Paul H. Wingeart, Head, Ballistic Missile Defense
Systems Engineering Branch, and David Richardson, Head, Warfare Systems Development
Division.

Approved by:

e
< "\_,/I __,,,.\ T \,”\‘,':gj/i

DONALD L. BURNETT, Head
Warfare Systems Department

" John E. Gray, Naval Surface Warfare Center, Dahlgren Division, Electromagnetic & Sensor Systems
Department.
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1 INTRODUCTION

Generalized adjoint systems are defined and analyzed in this report. A generalized adjoint
system is an input-output system that is derived from a given causal (possibly nonlinear)
input-output system. The basic properties of the generalized adjoint system are that it is
linear, causal (in fact, memoryless), and is time invariant when the original system is time
invariant. Given a space of causal input-output systems, a map from this space of systems to
its generalized adjoints, referred to as the adjoint map, is defined. The adjoint map is
bounded, continuous, and preserves translations. Under certain conditions, and involving the
Hahn-Banach theorem, the adjoint map has a bounded and continuous inverse. A
representation for the inverse of a causal input-output system in terms of the generalized
adjoint is given. It is seen that if the original input-output system is one to one/onto, then its
generalized adjoint is onto/one to one. The reverse of these implications may be obtained
under some completeness conditions. In the first step of developing a representation of the
inverse to the original input-output system using the generalized adjoint system, another
input-output system, which has the behavior of the original input-output system, is defined.
This input-output system is referred to as the auxiliary input-output system. Conditions for
the auxiliary input-output system to be causal, bounded, and continuous are given.
Conditions for the map between the original input-output system and the auxiliary
input-output system to be invariant with respect to translations, bounded, continuous, and to
have a continuous inverse are given. It is then shown that the generalized adjoint system is a
representation for the inverse of the auxiliary input-output system and therefore also of the
original input-output system. A method for computing noise and disturbance bounds for an
input-output system involving the generalized adjoint system is discussed. An example
illustrating Chapters 4, 5, and some of 6 is presented. Portions of this report appeared in [8],
[10], and [12].

A rough description of the generalized adjoint system is illustrated in Figure 1. A precise
description is given in Chapter 3. It is best to keep in mind the construction of the adjoint of
a linear transformation in Banach space. Let B = {(Z, B,Y)} be a set of causal input-output
systems, where Y is the input space of time functions and Z is the output space of time
functions and B : Y — Z is the system map. For B € B, a truncated input-output system
By : Yy — Zj is defined for each t € R, where Yy (Zp) is the input (output) space of truncated
time functions defined up to time zero. In this scenario, the system trajectory t — B; may be
considered as a time function. This type of set, namely B, will be the input space of a
generalized adjoint system. Now, consider a causal input-output system (Y, F,U). A
truncated system F; : Uy — Yy may be defined for each t € R. By concatenating a B € B with
F, another causal input-output system is defined: A = BF'. In fact, a set of causal
input-output systems A = {(Z, A,U)} is defined by concatenating every B € B with F. The
system trajectories t — A; of A may also be considered as time functions. A generalized
adjoint system is defined as the mapping from the set of time functions B to the set of time
functions A. Denote an input space of time functions Y* = {(Z, B,Y)} and an output space
of time functions U* = {(Z, A,U)}. Given an input-output system (Y, F,U), its generalized
adjoint is F'*: Y® — U defined by F%(B) = A = BF. The generalized adjoint system is
(U, F*,Y%). Consider a set of causal input-output systems F = {(Y, F,U)}. A generalized
adjoint map with domain F and range F® is defined by ¢(F) = F° for all F € F.

1-1
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Figure 1: The Generalized Adjoint System
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2 PRELIMINARIES

This chapter presents a workable definition of an input-output system. An input-output
system is herein denoted (Y, F,U) where F' is a mapping from an input space U to an output
space Y, and where U and Y are translation-invariant spaces of vector-valued time functions.
The vector values of these time functions typically are RN, N = 1,2, ---, but only need to be
Banach spaces. Other spaces and mappings related to (Y, F,U) will be introduced, but U and
Y with the qualifying affixes they carry always refer to input and output spaces. Mappings
from various input spaces to output spaces are denoted F', again with qualifying affixes.

Among the properties discussed are boundedness and continuity; therefore, a topology
with metric on the sets (“spaces”) involved, including the spaces of mappings must be
provided. For convenience and because it is appropriate to deal with linear spaces, or subsets
thereof, we choose to do this by introducing norms (or semi-norms) on these linear spaces. Of
course, the introduction of particular norms is arbitrary, but there are considerations to take
into account. For instance, it is desirable: (1) to have generality where possible (i.e., to deal
with classes of norms rather than specific ones), (2) to use, or permit the use of, norms that
are readily calculable, and (3) to use, or permit the use of, norms that yield a satisfactory
interpretation in physical problems (an admittedly vague statement). From these
considerations we are led first to define classes of norms and normed linear spaces to be used
in specifying input and output spaces for systems. These classes are referred to as Fitted
Families (FFs) of normed linear spaces. Roughly speaking, fitted families work like L, norms
on time functions with the additional feature where a time weighting can be incorporated so
the distant past of an input or output time function may be de-emphasized.! This feature is
not as important in this report as it is in [11] or [13]. The notation [usg|, , indicates the
norm; e.g., a weighted L, norm, of the input u over the interval of time (s,t]. Us; is the space
of inputs over the same interval. FFs were initially described in [6]. Additional statements
motivating the use of fitted families are in [9)].

Definition 1 ([6]) Let £L = L(R, E) be a linear space of time functions from R into a Banach
space E such that any translate of a function in L is also a function in L. Let
N ={lIlls;,—00 < s <t < oo} be a family of seminorms on L satisfying the
following conditions:

(1) For f1, f2 € L, if f1(7) = fa(7) for s <7 <t then || fi — folls, = 0.

(2) Let Ly denote shift to the left by 7. For all f € L, |[Lrflls_7 ;7 = [ fll5-

(3) Let r < s <t. Then for all f € L, |[flls; < [Ifll,,-

(4) Letr < s <t. Then for all f € £, |f < 1Flls +11f ]l

(5) There exists 0 < a < 00 and K > 1 such that if 0 <t —r < a and r < s < t, then for

al f € L, £l <K fll

The pair (L,N) is called an FF of seminorms on L. The normed linear space formed from
equivalence classes of functions in L with norm ||-||, , is denoted Hst. The elements of Hy
are the equivalence classes determined by: f ~ g, f,g € L if and only if || f —gl|,, = 0. They
are denoted usy, Ys¢, €tc., i.e., the equivalence classes sy, ys i represent inputs and outputs
respectively. The set {Hg;}, —00 < s <t < 00, is the FF of normed linear spaces
given by (L,N).

'"Desoer and Vidyasagar discuss systems theory with L, norms, [1].
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A fairly wide class of examples of FFs is given by weighted L,-spaces. For 1 < p < oo, let
w be a fixed nonnegative, nonincreasing Lebesgue measurable real-valued function and let
L= LR, RY) be the set of N-vector-valued functions on R that are p-integrable Lebesgue on
finite intervals. Then, for f € £ the seminorms

1l = ( / V)P w(t - 7)dr) P (2-1)

satisfy Conditions (1),---,(5) of Definition 1. For p = oo let £ be the set of essentially
bounded functions. When o = +o00 and K =1, (£, N) is a standard FF of seminorms. As
time weighting was not essential to its purpose, standard FFs were used in [9].

We need to define another FF of seminorms. For f € £, put || f||** 2 SUPsr<y || flls -
With M indicating this new set of norms, (£, M) is indeed an FF of seminorms, [5].

An FF (L,N) and {H,;}, —00 < s <t < 0o, can be augmented to include ||-||__; by
taking the limit s — —oo, since by (3) of Definition 1 || f|[,, is monotone nondecreasing as
s — —oo with ¢ fixed. Let Lo = {f € L] lims—_o || f|l,; < 00, t € R}. For f € Lo, define

A

171 =17 e & tim £l - (2:2)
With the meaning of (£, ) thus extended, |||, ; is defined for —co <'s <t < co. The
left-expanded FF of seminorms is thereby defined and is denoted (Lo, N). Tt still satisfies all
the Conditions (1),---,(5).

Define Lo to be the subset of Ly such that for f € Lo sup, ||f||, < co. Note that Lo is a
translation invariant linear space. For f € Lo, define

A
||f”s,oo = sup Hf”s,t ; T0 S s. (2_3)
t>s

It may be readily verified that if (£, ') is an FF for indices satisfying —oco < s < ¢t < oo then,
with definitions given by (2-2) and (2-3), (Lo, ) is an FF for indices satisfying
—00 < s < t < oo and satisfies conditions 1, 2, 3, and 5 of Definition 1 for indices
—00 < s <t < oo. (For standard FFs, condition 4 holds for both cases.)
{(Loos M), I'lls4» —00 <'s <t < oo} is called the expanded family of seminorms determined
by (L£,N). Note that (L9, M) similarly defined is an FF for —oo < s <t < o0.

For f € Log, we put

HE SUp [l = 1/l -co.00 - (2-4)

The normed linear space consisting of equivalence classes of functions in Lgg with the norm
(2-4) is called the bounding space H for the family {H,,}.

The extended space H€ for the family {H, .} is the set of all equivalence classes of
functions f in Lo (f ~ g iff || f — g|| = 0) for which || f||, < oo for all s. It does not have a
norm and, indeed, is given no topology. This definition agrees with the notion of extended
space commonly used in the control literature.

It is possible that an FF (£, N') has a vacuous expansion in the sense that Lo is the empty
set. An obvious example of this is given when L is the set of all constant real valued functions
on R and N is the set of Li-norms on finite intervals. To prevent this from happening and to
further prevent the bounding space H from being too small (in a sense to be made explicit
below), we can require that an FF be “full,” as indicated in the following definition.

2-2
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Definition 2 The FF (L,N) is full if each equivalence class usy € Hgy, —00 < s < t < 00,
has a representing function belonging to Log.

When this definition is satisfied, then for all pairs (s,t), —00 < s < t < oo there is a 1:1
correspondence between the normed linear space Hy; determined by (£,N) and the normed
linear space H é,t determined by (Lo, V'), which preserves the normed linear space structure.
The correspondence is given by us s < u, usy € Hyy, ug, € Hg, if and only if ugy and uj,
have a common representing function f € Lgg. Thus, if (£, N) is full, we need not distinguish
between Hy; and Hy ;. Henceforth, every FF mentioned is assumed to be full. The FFs
formed with L, spaces as described above are full.

To emphasize the relations among the equivalence classes, suppose the function f € Ly
determines the equivalence classes u € H, u! € H', u; € H; and ust € Hg . Since

t
1f=9gllse < Wf =gl < WIf =gl < If =gl

the equivalence class u considered as a set of functions is entirely contained in the equivalence
class u' considered as a set of functions, and similarly u’ C u; and u; C us4; also u C ub*.
Thus, for example, given ¢, v determines u; and u>>. Therefore, if f determines v and
—o00 < s <t < oo it is meaningful, for example, to write || f[|,;, [lull HutH&t, [t (AP
[utlls 4> l[usglls, and they are all equal. Let —oo <r <5 < < oo. Then, since ||f|,, < [|If]l,,
for f € Lo, the partitioning of Lgg into equivalence classes by ||-||,., results in a finer partition
than that given by ||Hst That is, letting [ determine u € U, we have u C Upt C Usg -

It is sometimes necessary to consider an arbitrary past input concatenated with an
arbitrary future input, i.e., to “splice” two inputs.

Definition 3 ([6]) For —oco <r <s<t<oo, and h, g € L, the splice of h and g over (r,t]
at s is defined and equals f if

h(r), r<7<s
g(r), s<71<t

)=

belongs to L. It is denoted fri1 = hy s+ gst. For —oo <1 < s < oo, the splice of h and g over
(r,o0] at s equals f if
h(r), r<71<s

fr) = { g(1), s<r
belongs to L. It is denoted fr oo = h""*+—= gs.00-

If u.s € Hy s, vy € Hgy are determined by functions h and g respectively, and h, s+— gs
exists, then for an FF, the splice of u and v (or u, s and vs¢) over (r,t] at s is defined to be
the element w,; € H;; determined by h, s+ gs+; we write wy.; = Uy s+ vs 4. For t = oo we
write Wy oo = U+ Vs 0. These are not meaningful until it is proved that the splice is
independent of the particular functions h and g representing the equivalence classes u, , and
vs,¢. However, this proof follows easily from Definition 1.

Any input space U is herein taken to be either the bounding space H of an FF {Hj,} that
permits splicing or a translation-invariant subset of H. The extended space H¢ can appear in
an auxiliary role. We write Uy, —o0o < s <t < 00, to denote the set (“space”) of equivalence
classes of functions belonging to Loo as determined by |||, ;. If U = H, then Us; is the
normed linear space Hy;; if U is a subset of H, Us; is a space only in the sense that it is a
subset of Hy;. We call any Us; a truncated input space and write U; for U_q ;.

2-3
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The requirement that H permits splicing means that, if U = H, future inputs at any ¢ can
be arbitrary, with no regard to the past. Unfortunately, spaces of functions everywhere
continuous on R do not qualify, but this appears to be a minor drawback. It is sometimes
desired that U be a translation-invariant bounded (or even totally bounded) subset of H; we
always assume U contains the zero function. When U is a proper subset of H, a splice of two
elements in U does not necessarily belong to U. However, we require that for all u € U, both
ul4— 0¢,00 and 0t +4— Ut 0 belong to U.

The output space Y is taken to be the bounding space, here denoted K, of an FF of
normed linear spaces { K}, or occasionally the corresponding extended space K. In general,
the families {H,;} and {K,;} need not be the same. The notations for output spaces are
analogous to those for input spaces. The comments about equivalence classes are valid for the
Ysit € Ks,t-

A mapping F : U — Y is called a global input-output mapping (or usually just an
input-output mapping).

Definition 4 Let (Y, F,U) be an input-output system. F is a causal mapping and (Y, F,U) is
a causal system if and only if for all t and for all u,v € U such that |[u — v||, = 0 it follows
that ||F'(u) — F(v)|, = 0.

If F satisfies this definition it determines a mapping from U, into Y;, denoted ﬁt, that
satisfies HFtut — (Fu)tH = 0. We call F; a truncated input-output mapping and define the
¢

centered truncated input-output mapping Fy : Uy — Yy by Fy(ug) 2 Ltﬁth(uo), where

R+ 2 L_; is the right-shift by t. We assume that all systems in this report are causal. If F'
satisfies this definition, it is causal in the usual sense. However, since causality is defined in
terms of FFs, systems which “look like” causal systems may not be. Memory can

affect causality.

Definition 5 Consider a left-expanded FF {Hg+}; —00 < s <t < oco. The family {Hs+} and
the norms ||-||, are said to be finite memory with memory length M if there exists 0 < M < oo

such that | f|l, = | fll,_prs for all f € Lo, t € R.

We see that if w in (2-1) has finite support, i.e., w(t) = 0 for ¢ > M, the weighted L,
normed linear spaces are examples of finite memory spaces with memory length M. Finite
memory may cause a system that is causal in the usual sense to not be causal according to
Definition 4 because of the nature of the FF defined on the input space rather than the nature
of the system itself. This does not happen for any FF where ||u||, = 0 implies [Ju|, = 0 for all
s < t — the usual case.

The next step in setting up mathematical structure is to specify norms to be used for
input-output mappings E and F;. Although Lipschitz norms might seem at first to be the
obvious choice, we much prefer, for reasons mentioned below, to use what we call N—power
norms, introduced in [7] (see also [10]). The N-power norms, denoted | - [y, are defined as
follows. Let ® be a mapping from a normed linear space X into a normed linear space Y. For
any nonnegative integer IV, a norm for ® is given by

A [ ()]l

0 =sup — 2-5
2l cex 1+ ||V (2-5)

2-4
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when the right side exists. (We omit the subscript (N) when possible). We say ® is bounded
(in N—power norm) if |®]n) < oo. If ® is bounded, it carries bounded sets into bounded
sets by the inequality

1@ ()]l < (@) - (1 + [l]™).

However, boundedness of ® does not in general imply continuity, nor vice versa. Other
properties of these norms are given in the appendix of [9] and in Appendix A of [10].
Although [9] uses the standard FFs, its appendix also applies to FFs in general. There is also
a comparison of N—power norms and Lipschitz norms in these appendices. We have chosen to
use N—power norms rather than Lipschitz norms because they are less restrictive and they are
not as influenced by the fine structure of a mapping. This last property has relative
importance when one is dealing with an approximate system representation, see [3], page 785.
Using (2-5) on the truncated system mapping, we have

Fy (uy)

I1E: (uo) H t th ~

I]FtI]N :SupizsupizﬂFf/”N . (2_6)
B 1 ol e 1+ fue Y o)

The norm for the global input-output mapping may be defined by

s JE @ _
[F]" = Pl (2-7)

However, in this report, input-output systems are themselves used as inputs to the generalized
adjoint systems. Therefore, the norm for the global input-output mapping should be similar
to the norm for an input. In this report, the global input-output mapping is defined by

A
[F] = suplFifo = sup]Fi] o0 , (2-8)
[10]. There is further elaboration about two global system norms (2-7) and (2-8) in
the appendix.

The causal bounded input-output mappings are denoted by Dy (U,Y"). The following
lemma (a special case of Lemma A.1 in [10]) gives conditions so Dy (U,Y’) is a Banach space.

Lemma 6 ([10]) Let Y_ o and Y be Banach spaces where 0 < b < oco. Then Dn(Uy,Y_p0) is
a Banach space with norm |- |_po and Dn(U,Y) is a Banach space with norm | - |.

Definition 7 ([10]) An input-output system (Y, F,U), F € Dn(U,Y) is compatibly
continuous if the truncated maps Fy are equicontinuous.

Compatible continuity is stronger than continuity (it implies continuity). However, for a
linear system with norm defined by (2-8), compatible continuity is equivalent to boundedness.
Denote the set of causal bounded, compatibly continuous input-output systems by Cy(U,Y).
It may be shown that if « = 400, 0 € U, and U is closed with respect to splicing, compatible
continuity is equivalent to continuity [10]. These results are derived in the appendix.

Throughout this report, whenever there is reference to a system (Y, F,U), the following
three hypotheses are in effect unless otherwise specifically noted:

(A) The input space U is either the bounding space H of an FF of normed linear spaces that
permits splicing or a shift-invariant subset of such an A. If U is a proper subset of H,

2-5
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we require that it contain 0, but also that v € U implies both uf4— 0¢,00 and 0l 4— Ut 00
belong to U.
(B) The output space Y is the bounding space K of an FF of normed linear spaces.

(C) The global system operator F satisfies Definition 4 (causality) with respect to the given
H and K.

The next hypothesis will often be needed but will not be in effect unless stated explicitly.

(D) The operators F; : Uy — Y{ are uniformly bounded in N-power norm for some fixed
positive integer N by a constant C for all t € R, and are an equicontinuous family of
uniformly continuous mappings.

Hypothesis (D) implies that the global system operator is bounded with bound C' and
uniformly continuous (see Lemmas 4 and 5 of [9]?). Other properties resulting from
Hypothesis (D) are given in [9] and [10].

20r, F € Cn(U,Y) and is uniformly continuous. The proofs given in [9] were intended for a standard FF;
however, such proofs usually hold for FFs in general if Condition 5 of Definition 1 is not used.

2-6
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3 SPACES OF TIME FUNCTIONS CONSISTING OF INPUT-OUTPUT
SYSTEMS

The input space of time functions for a generalized adjoint system is discussed in this
chapter. The time functions in this space are constructed from normalized time truncated
system trajectories. Let Z and Zy be Banach spaces. Then, using Lemma 6, Cx (Y, Z) and
Cn (Yo, Zp) are Banach spaces. Let B = {(Z, B,Y)} be a Banach subspace of Cx(Y, Z). A
truncated system By : Yy — Zp is induced by each t € R. (The systems in B are causal.)
Therefore, the system trajectory t — B; may be considered as a time function from 3} to
Cn (Yo, Zp). A linear space of time functions L(R, Eya), where Eya = Cn (Y0, Zp), consisting of
the time functions ¢t — By for all B € B may be defined by using the addition and scalar
multiplication of input-output systems in Cny (Y, Z). Consider the time function ¢ — By in the
space L(R, Eya). The left translate by T is t — Byyp. This defines an input-output system
B’ = LyBRy. Denote this translation by L}. Then L%B = B’ = Ly BRyp. It is assumed that
B is closed with respect to translations.

The splice (Definition 3) of B!, B2 € B as time functions at 7' € R is the time function
n(t) € L(R, Eya) given by

B} for t<T

n(t) = { B? for t>T (3-1)

The splice of B!, B2 will be permitted only if there exists B € B such that n(t) = B, for all
t € R. A condition, which serves as a consistency condition, that ensures the splice of
B, B? € Cy(Y, Z) at time T is permitted is

1B%(y) = B'(y)|| =0 (3-2)

for all y € Y. The splice of BY, B2 at time T, if it is permitted, i.e., (3-2) is satisfied, gives an
input-output system B € Cny(Y, Z) which is defined by

B(y) = (BY 4 B}0)(y) = (B' 1))+ (B2(y))700 - (3-3)

Note that even if B! and B? are time invariant, there is little chance that (B')T+— B2, __ will
be time invariant. 7

Next, an FF of seminorms will be defined on B. Since all B € B are bounded in Cy (Y, Z),
a seminorm | - |5+ may be defined on B by

5 o 1O,
yey 1+ ”yHiv

[Bls. (3-4)

where —oo < s < t < +o0o. In this report, N > 1; the case N = 0 is considered in [10]. The
following proposition gives conditions for an FF of seminorms to be defined on B.

Proposition 8 If splicing is admissible in' Y and ay = 400, Ky =1 (the variables o and K
have been defined in Definition 1 and the subscripts will be used to identify them with a

particular space), then Nt = {l- s —00 < s <t < oo} is an FF of seminorms defined on the
Banach space of causal input-output systems B= {(Z, B,Y)} viewed as time functions.

ProOOF: Consider properties (1) through (5), which describe an FF of seminorms
(see Definition 1).
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(1) Let B, B? be such that B = B2 for s < 7 < t, then

Bl(y) — B*(y)
[IBl _ Bz”s,t = sup H ~ Hs,t -0
yey L+ lyll;

(2) Let T € R :
[L7Bls-1t—1 = sup HLTBRT(y)'J\f_T’t_T
7 yey L+ lyll,Zp
~ sup HBRT(y)H%
vey 1+ |[Rryll;

= [Bls -
(B) Let r<s<t:
1By 1By
|B[s, = sup 781\; < sup 77}\2; = |Blr: -
vey T+l vey 1+ lylly
(4) Let r < s < t: Since ay = 400, Ky =1,

S L0
it = —
yey 1+ Hy”iv

IBW)I,. ) 1Bl
N N
vey 1+ lylly  wey 1+ |lyll;
1B, 1+ [y Y
< sup & " su o
vey 1+ |lylly  vey 14 [lyll;
< [Blrs+ [Blsy -

(b)Let r<s<tandt—r<agz:

+ | Bt

1BW)|,.s 1B(ys+— 0s2)]],.
[Blrs =sup —————= = sup &
veY L+ lylly  wet0s06ve 14 [lys+— 054l

IB(yst= 0s0)ll, 1+ yst— Oaell)

<Kz sup :
ys+05,0€Ys 1+ [Jys+— OS,tH,{V L+ [|ys+— Os,tHSN

1Byl 1+ [lys+= Oslly”
<Kz sup ——— - su N
wey: 1+ IIytIIt ys+0s€Y: 1+ Hys‘f_> Os,tHS

S ICZHBI]T,t .

Hence, aye« = ay and Ky. = Kz, O
The seminorms | - [; and | - | may be defined from [ - [s+ as indicated in Chapter 2.
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4 A GENERALIZED ADJOINT SYSTEM

The generalized adjoint system will be defined and some of its properties investigated. Let
(Y, F,U) be a causal, possibly time-varying input-output system. Assume Y and Y are
Banach spaces so that, as a consequence of Lemma 6, Cy(U,Y') and Cy(Up, Yo) are Banach
spaces with N > 1 (this will be needed in Chapter 5, where the generalized adjoint map and
its invertibility are considered). (The case N = 0 is considered in [10].) Let B = {(Z,B,Y})
be a translation invariant closed linear subspace of causal, bounded input-output systems
defined on the output space of F'. Furthermore, let 5 be an input space of time functions as
described in the previous chapter with N =1, i.e., B € C1(Y, Z) for all B € B. By
concatenating an input-output system B € B to F, a causal input-output system A = BF is
defined. Note that A is an element of Cx (U, Z) where N is the same integer as is used for
(Y,F,U). Let A=Cn (U, Z); then B is the domain and A is the counter domain of the
generalized adjoint system.

Since A and B are considered as spaces of time functions, we will need that they be FFs of
normed linear spaces as described by Proposition 8. To verify property (4) of the FFs, it was
required in Proposition 8 that oy = +00, Ky = 1 and ay = 400, Ky = 1. (For bounded
range systems, i.e., (Y, F,U) € Co(U,Y), this requirement is not necessary; see [10]). However,
property (4) is not used in the subsequent text; therefore, we relax these conditions.

The above conditions are in force throughout this report (unless otherwise specifically
stated). In summary they are:

1. FeCn(U,Y) and Yy and Y are Banach spaces, N > 1 (N = 0 in [10]).3

2. Be(C1(Y,Z) for all B € B and B is a closed, linear subspace of C;(Y, Z) and Z, and Z
are Banach spaces.

3. A=Cn(U, 2).
4. A and B are translation invariant.
A generalized adjoint system is defined as follows:
Definition 9 A generalized adjoint system (U%, F*,Y%) of a causal input-output system
(Y, F,U) has domain Y* = B and counter domain U* = A with F'® defined by F*: Y* — U?,
F*(B) = A= BF.

Proposition 10 gives some properties of generalized adjoint systems.

Proposition 10 The generalized adjoint system F® of a causal input-output system F is
linear and memoryless (hence, causal). Also, F* is time invariant if F' is time invariant.

PROOF: LINEARITY: Given B!, B2 € B and scalars «, 3

F(aB' + 8B?%) = (aB' + BB*)F

$Hypothesis (D) provides for this in terms of conditions on the truncated systems. As stated in [9], it is better
to have hypotheses in terms of the family {F;} rather than F' because the mathematical description of a system
is usually in terms of F
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= (aBYF + (BB*)F = a(B'F) + 3(B*F) = aF*(B') + BF*(B?).

MEMORYLESS: Let B, B? € B be such that | B! — B?|s;; = 0 for —0o < s < t < 0o then,

| BYF(u) — B2F(u)|| .
a 1N _ parnp2 — su S,
F2 (B = P (B = sup ——

- s (8" =B (Fu,, 1+|F@w)],
=T 1+ [[F(w)], 1+ [Jull

<[B' = B?[s¢- (1 +|F]:) = 0.

Hence, the system F'® is a memoryless system.
TIME INVARIANCE: Assume F' is time invariant:

Ly(FY(R3B)) = Li(F*(RsBLs))

= LsRsBL,FR; = BL;FR; = BF = F%(B).

Hence, the system [ is a time invariant system. [J
Since F'* is causal, a truncated adjoint system Ff :Y,* — U may be defined by

Fo(B,) & (F*B); = (BF); = BiF}

where B, € By and t € R. The normalized truncated adjoint system F! :Y{ — U§ is defined by
A * * ¥

Since F}* is linear (shown similarly as for F'* in Proposition 10), the usual linear norm is used
for F* and |F*] = sup,|F{]o, (see 2-8).

Proposition 11 For F € Cy(U,Y), F* and F} are bounded.
ProOF: Ff is uniformly continuous: Let Bé, Bg € B, then
[F¥(Bg) — F(B)lo = 1By Fr — Bi Felo

B BRIy = sup 1B~ BO)Fo)lly

welo 1+ Juollyf
— sup |(Bg — B3) Fi(uo) |y L+ ([ Fi(uo)llg
wely 1+ [[Fe(uo)lly 1+ Jluolly
< [By — Bilo- (14 [Filo) < [Bs — Bglo- (1+|F]) . (4-1)

Equation (4-1) shows that F{* are equicontinuous; hence, F'® is compatibly continuous
(Definition 7) and F* is bounded (see Lemma A-6). O
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5 A GENERALIZED ADJOINT MAP

Consider the Banach space of causal, bounded, compatibly continuous input-output
systems F = {(Y, F,U)} C Cy(U,Y), all of which have the same input space U and the same
output space Y. Fix an input space of causal input-output systems B = {(Z, B,Y)} and
assume the hypotheses listed in Chapter 4 hold. Define an adjoint map ¢ with domain F by

¢(F) = F®. Let the range of ¢ be denoted by F* 2 (F). All adjoint systems F* € F* will
have common domain Y* and common counter domain U®. Note that ¢ is dependent on B,
but is well defined when B is fixed. Let the norm on ¢ be given by

A lo(F)]
190 = sup 77

First, we show that ¢ is bounded and translation preserving. Recall that since F'® is linear
and | F*] = sup;[F{*Jo = sup, p,[F{'(Bo)lo/[Boo-

Proposition 12 |¢] < 1.

PROOF: [6(F)] [F9|
91 = sup 1= 7p =S T
[ £ (Bo)lo [ BoF]o
_ st;psgf [Bolo Sgpsgf 1Bolo
= sup T+ 1F] sup ]
sup sup (14 [F¢]o) - 1Bolo
< sup LB 1Bolo e
S F 1+ [ F] '

Proposition 13 ¢ preserves translation. (Note that the left-translate of F® by T is
L5 F*RY).

Proor: For B € Y*
¢(L7F)B = ¢(LrFRr)B
= (LrFRy)"B = BLyFRr = LyRrBLrF Ry
= L}(RrBLyF) = L;(F*(RrBLr))
= Lp(F*(RyB)) = (Lro(F)Ry)B ;

hence, ¢ preserves translation. [

A sufficient condition for ¢ to be one to one is: For all distinct y1,y2 € Y, there exists
B € B such that B(y1) # B(y2). (Other sufficient conditions are given later.) Also, it may be
seen that if all B € Y* are linear, then ¢ is linear.

The Lipschitz norm of ¢ is

|]¢|]Lip = sup ”¢(F1) — ¢(F2)|] ]

ripzer  [F1—F?]
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Lemma 14 If in addition to the aforementioned hypotheses all B € B are Lipschitz
continuous, ¢ is continuous.

Proor: We have:
[o(FY) = ¢(F)] = [ F* — F*|

[(F* — F?*)Bolo |BoFy — BoFYlo
sup sup = supsup
t BoeYg [Bolo t B [Bolo
| (BoF}) (uo) — (BoF2)(uo) |, 1Bolo - su | F (uo) — F(uo) ||,
ollo -
— sup “o 1+ HUOH(])V < sup o 1+ HUOHéV
t,Bo [Bolo T 4By [Bolo

:[IFl_F2l]7

which is sufficient for the continuity of ¢ (and gives [¢]ri, = 1). O

To close out this chapter, we consider two propositions under which the quotient in (5-1) is
bounded below and these will lead to the invertibility of ¢ and the continuity of ¢~ 1. For the
first proposition, we essentially show ¢ is invertible if there is a B € B that is invertible.

Proposition 15 In addition to the hypotheses of this chapter, assume there exists causal
BT € B such that Vy',4?> €Y, HBé(yé — y%)HO >m Hyé — ngO, where 0 < m < oo (say BY is
Lipschitz bounded below). Then |¢[rip in (5-1) is bounded below.

ProOF: We have,

Jo(FY) — o(F)] = [ — 7] = sup_sup L L) ol
t Boeyg [Bolo

HB&(F} - th)(UO)HO

sup
Fla _ p2a\BL BL(F} — F? u 1 N
Zsup[l( t Lt )By'lo :supﬂ o( tL )lo — sup 0 +L||u0||0
3 I]Bo HO t I]BO |]0 t I]BO |]0
sup -m - sup H(Ftl — Ft2)<UO)HO
ot w1 ully  m-|F' - F? (5:2)
B [BX] a |BX] '

Hence, |¢]Lip > m/[|BY]. O

The next lemma describes an input-output system B : Y — Z, which has a specialized
property. A system is presented that has norm one and, for a specified input, has output
equal to the norm of that input. The system is causal, linear, and bounded. The construction
uses the Hahn-Banach theorem. Specify a y* € Y and z* € Z. In general z* is an equivalence
class of time functions. Pick a time function ¢*, which is an element of z*, that is, (* € [2*].
For each t € R, there exists a linear functional f!:Y; — R such that for all ¢ [f!] = 1 and
such that f'(yf) = |ly; ||, (see the Hahn-Banach theorem, [2]). Define an input-output system
(Z,B*,Y) by

(B*())(t) £ FH ()¢ (t) - (5-3)

Note that the output of B*, as described by (5-3), is a time function; however, the time
function, in turn, specifies an equivalence class of time functions that, in general, is an
element of Z.
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Lemma 16 The input-output system B* defined by (5-3) is a linear system. If Y has the
property that ||y|, = 0 implies ||y||, =0 for ally € Y, t and s <1, (e.g., oy = 400 and
Ky = 1) it is causal, and if the “sup” norm (Lso) norm is used on Z, it is a bounded
input-output system.

PROOF: LINEARITY: Let y', 42 € Y, ki, ks € R. Then,
(B*(kvy" + kay?)) (t) = f1((kay" + kay®)o)C* (1)

= (ki f'(yi) + ko' ()¢ (8) = ka1 B* () (1) + k2B* () (t) -
Therefore,
B*(kyyt + koy?) = k1 B*(y') + ko B* (%) .
CAUSALITY: Take y',y? € Y such that Hyl - y2||t =0. Let ¢! = B*(y') and ¢% = B*(3?). We
then have that Hyl - yZHS = 0 for all s < t. This implies ¢!(s) = ¢?(s) for all s < t, and by
property (1) of the FFs (see Definition 1), H (¢ = [¢F] Ht = 0, where the square brackets

indicate the element of Z specified by the time functions; hence, B* is causal.
BOUNDEDNESS: The linear operator norm is used for B*.

B*
1B'] = sup| 5] = supsup 1 2L W0l
t t Yo HyOHO

B | £ (yo)C*(®)]| supy | f*(yo)| sup, <" (2)
=supsup ——————— < su
Yo ot Hy0H0 Yo 1yollo
t * *
< sup S0Pl llyollo 1€7] < sup 1zollo €I _ e
Yo 1yollo Yo lyollo

Hence, B* is bounded. [
For the second proposition, we show the quotient in (5-1) is bounded below if elements of
the form (5-3) are available in 5.

Proposition 17 Under the conditions that there exists causal bounded linear B* € B of the
kind given by (5-3) (including that the “sup” norm is used in Z) then for all F', F?, we have
[6(FY) = ¢(F*)] = |F' — F?].

ProOF: Consider

(") — o(F)] = [ — 2] = sup_sup LW L0 olo

t Boeyg [Bolo
By(F}! — F? B} (F} — F?
—up sup VB =)l IBEFL - Rl
t BoeYd I] oﬂo t HBt[IO
Hsz(Ftl - FtQ)(UO)HO
sup ~
— sup o 1+ [luoll
t ﬂBfHO

for any particular B* € B. Let B* be of the form given in in Lemma (16),
B*(y)(t) = Fi(ye) - ¢*(¢) with | f*] =1 and [|¢*(¢)|| = 1 for all ¢. Substitution in the previous
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equation gives

wp IE =P -CO 7 = ) w)
~ sup Uy 14 ||u0||0 — sup uo 1+ HUUHO
S ) )] T L)
w Tl v Twolly
oy [FE = F2)w0)
> 5 ug 1+ ||u0||0 — }ft((Ftl _FtQ)(UO))}
> p up N :
t sup If H HyOHO uo 1+ HUOHO
w  lyollo

Now, for all € > 0, 3 ¢ and v such that

5<W$—¥mm
T3 1+ [JwollyY

|F' - P < |F} - P2l +

Select (using the Hahn-Banach theorem, [2]) f* (]f!] = 1) such that
SHFY = F?)o) = ||(F! — F?)00)|, so for this f,

71— )] I = Pyl
L+ Tl L+ fleolly
for all t. Then,
(72— F2yeo]
lo(F") = o(F)] ;MQWO > [P - F7|
Since € is arbitrary,
[o(Fh) — o(F?)] = [F* — F?]. (5-4)

O

Propositions 15 and 17 give that ¢ is one to one. Let F', F? ¢ F with F! # F?, which is
equivalent to [F! — F?] > 0. Equation (5-2) or (5-4) imply |¢(F!) — ¢(F?)] > 0, which means
H(F') # ¢(F?) so ¢ is one to one. Propositions 15 and 17 also give that ¢! is uniformly
continuous. Consider the boundedness of ¢ !. Let F = Fland F? = 0. Using these

propositions, we get
1F'[ - { |BY]/m  from (5 — 2)
+ [o(F)] 1 from (5 — 4)

which are bounds for ¢~ 1.

Both of these propositions require that the domain space B contain specific or specialized
elements. Roughly speaking, ¢ maps two different functions, F! and F2, to two different
functions, F1* and F2¢, if the domain B is sufficiently large. In this regard, the domain B may
be viewed as a space of “test inputs.”
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6 ON THE INVERTIBILITY OF THE INPUT-OUTPUT SYSTEM F IN
TERMS OF THE GENERALIZED ADJOINT INPUT-OUTPUT SYSTEM F“

The results of this chapter are divided in two sections. In the first section, an algebraic
analysis is presented. That is, whether F'® is one to one and onto when F' is and vice versa are
considered. In the second section, a functional analysis is presented. Here, we define the
auxiliary map G € G which, as described, behaves like F' and has input space U* and output
space Y. The causality, boundedness, and continuity of G is considered. The extent that F*¢
is the inverse of G is considered. This covers the invertibility of F' by F®. Also, we consider
the boundedness, continuity, and invertibility of the map from F to G.

Invertibility for F' and F“

First, we assume that both F and F'® are invertible and find a relationship between the
inverses. From the definitions

F*(B)=A=BF . (6-1)
However, since F' is invertible,
AF~' =B
hence,
(FH*A=1B. (6-2)

Substituting (6-1) into (6-2), we obtain
(FY)*FY(B)=B. (6-3)
Substituting (6-2) into (6-1), we obtain
FYF1)A=A. (6-4)
The conclusion from (6-3) and (6-4) is that (F*)~! = (F~1)%. This is similar to Lemma 7,
page 479 in [2], for linear operators on Banach spaces.
Next we consider, in the algebraic sense, the invertibility of F'® based on the invertibility of

F'. Meaning, we consider whether F'* is one to one and onto if F' is one to one and onto.
Similar analysis for the invertibility of F' based on F'* is also considered.

Lemma 18 F' onto implies F'* is one to one.

PRrROOF: Let By, By € Y such that By # Ba, that is, B1(y) # Ba(y) for some y € Y. Pick
u € U such that F(u) = y. This is possible since F' is assumed to be onto. Then, with
Ay = F*(By), A2 = F*(Bs),

Ay(u) = [F*(B1))(u) = B1F(u) = Bi(y)

As(u) = [F*(B2)|(u) = B2F(u) = Ba(y) -
Hence, A; # Ay and F'* is one to one. [J

Lemma 19 F one to one implies F'* is onto.
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PROOF: Fix some A € U®. For this A, consider u and z = A(u). For this u, F' specifies a
unique y € Y by F(u) =y (since F is one to one). Hence, a particular B is defined by
B(y) = z. Note that the domain of this B is not necessarily all of Y (it may be a subset of
Y). In other words,
B(y) = A(F'(y)) ¥ y € Range(F) .

This B has the property that F*(B) = A, so F'* is onto. [J

If F is algebraically invertible, that is, F' is one to one and onto, then from Lemma 18 and
Lemma 19, we have that F'* is also invertible. We consider the reverse. The following lemma
requires that A contains elements which distinguish elements of U, i.e., for u; # uo there exists
A such that A(uy) # A(uz). The system described by (6-5) in the next section fulfills this.

Lemma 20 Assume that A contains distinguishing A for all ui,us € U, such as given by
(6-5), then F® onto implies F' one to one.

ProoOF: Consider ui,us € U such that u; # us and let A : U — Z be such that
A(uy) # A(uz). Since F® is onto, there exists B € Y such that F*(B) = A. Let y; = F(u1)
and y2 = F'(ug).
[F*(B)|(u1) = BF(u1) = A(u1) = B(y1)

[F(B)](uz) = BF(ug) = A(ug) = B(yz) -

Therefore, B(y1) # B(y2). However, this is not possible for any B unless y; # y2; hence, F' is
one to one. [

The following lemma requires that B contains elements of the following form: Given
(Y, F,U), there is a Bp € B such that Br(y) = 0 for all y € Range(F') and Br(y) =1 for all
y € Range(F)C.

Lemma 21 Assume B contains elements of the form Bp mentioned above and that F® is one
to one. Then, F' is onto.

PROOF: Suppose F' is not onto. Define By = Bp and By = 2 - Bp. Since F' is not onto,
B; # Bs. Consider, A = F%(B;) and Ay = F*(By). It is seen that A; = Ajg, indicating F'* is
not one to one; a contradiction. This is similar to the last three lines in the proof of Lemma 7
on page 479 in [2] for linear operators on Banach spaces. [If Range(F)% always contains an
open set, allowances could be made showing this result with all B € Y* being continuous.| [J

Lemmas 20 and 21 give the reverse results to Lemmas 18 and 19. The condition on A in
Lemma 20 and on B in Lemma 21 are a form of completeness on the range and domain of £
respectively. Note that the two completeness conditions are imposed on the adjoint space.

On F? as the Inverse of I

In this section, the extent to which F'* is the inverse of F' is considered. Since the domain
and range of F' are not the same as, respectively, the range and domain of F'*, the purpose of
the first section of this chapter is to construct a new system whose domain and range are the
range and domain of F'*, and that behaves like F'. We add the following condition to those
indicated in Chapter 4:

5. The “sup”-norm (L norm) is used on Z.
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A particular A is constructed that has specialized properties. Consider a specific z € Z; z
is (in general) an equivalence class of time functions and may be denoted by [z] for emphasis.
Let ¢ € [2] be a specified element in [z]. For each u# € U, specify an A#* € U® by

A#)(t) = [lue - ] - <) (6-5)

where ¢ € R. This system may be defined using the truncated systems:

A (u)(t) = Hut — U#Ht (1) (6-6)

AF (uo)(t) = Hug - (Ltu#)OHO () . (6-7)

Obviously A# is not linear. The set of all such A% is A# C A. We see that the map
v : U — A% defined by v(u™) = A# is one to one and onto, provided ¢(t) # 0. In fact, ~ is

onto by construction. To see that 1t is one to one, con81der u# # . In this case, there exists

t such that uf # . Hence, A# ut = H —u; H t) # Huf& - uth C(t) = Z?(uf&)(t)
So A# 2 A’ and ~ is one to one.

The causality, boundedness, and continuity of A# is considered in the next lemma.

Lemma 22 A% of the form given by (6-5) is causal, bounded, and uniformly compatibly
continuous (see Definition 7).

PROOF:
CONTINUITY AND CAUSALITY: Consider the Lipschitz norm of A%: Let M 2 sup, [|[C(D)]],

At by - At )|

A ~
1A# iy = sgpﬂflfE lLip,t = sup sup

t ui,u2 Hut — ut”t
[t H [~ ui H -l ui —u?|,
= sup < sup -M=M.
1
tiu,uz H“t th tyu,uz H“t Ht

The above, by Definitions 4 and 7, shows that A% is causal and uniformly compatibly
continuous.
BOUNDEDNESS: It is shown that A% is bounded. Refer to (2-5) and (2-8):

4w,

[A#] & supﬂA ﬂt:%‘,‘fw
14 uf]|,

- 1 el

sup [C() < (14 sup [ | ) - sup (1)

1+supH H =1+ Hu#H)-M , (6-8)

forany N > 1. O
In the following paragraphs, some properties of A# are considered.
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Lemma 23 If ¢ is a constant, i.e., ((t) = C for all t, A¥ is translation invariant.

PrROOF: As discussed in the introductory paragraph of Chapter 3, the left translate by 7 of
A* is LX A% 2 L. A#R,. Given u¥, u, we have,

L2A*(u)(t) = (L A*R,) (W) () = Lo (A# (Reu)(1))

= L.(

(Brw)e = uft| - C(8) = Ln(

] )

= L.(

wimr —uff| ) LoC(t) = |[us =i | - clt+7) (6-9)

Let v’ = Lyu#. Since U (the input space to F') is translation invariant u’ € U. We have
LIA* = A ¢ A7

where A° = ~(u”). O
We consider the effect of a translation in U. As in the proof of Lemma 23, let W = Lyu#,
then

= |Jue = (Lo - ¢ = |Jue =t osr]| - <) - (6-10)
Using (6-9) we get
wt 3 A* (AR (6-11)
Using (6-10) we get
ut s Lo = 25 A (6-12)

Since (6-9) does not equal (6-10), in general, equations (6-11) and (6-12) cannot be used to
form a commutative diagram, i.e., v does not preserve translation. However, if { = a
constant, then (6-11) and (6-12) do form a commutative diagram. Since the sup norm is used
in Z, selecting ¢ a constant is valid. We will designate A% as an input space and by Condition
4 listed above, it has to be translation invariant. Setting ¢ as a constant fulfills Condition 4;
however, we will not assume this, which gives the subsequent presentation a little more
generality.

Remark 24 A# is not closed with respect to addition, in general. In fact, for u#, u> € U
and A#, A" € A#,
(A# 4+ A)u(t) = A*u(t) + Au(t)

- (s sl

The above is a causal input-output system from U to Z; however, it is not likely in A#.
Hence, A* is not shown to be closed with respect to addition.

Further properties of v are considered. We observe that - is not, in general, linear. The

next two lemmas examine the boundedness and continuity of v and 1.

Lemma 25 Let sup, |[((t)|| = M < oo. Then map v : U — A% is bounded and uniformly
continuous.
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ProOF: BOUNDEDNESS OF 7: Lemma 22 gives that

7] 2 su M:mﬂ
wt L Jlu )Y 1 | |Y
1 #11 . « t
< sup LA som €Oy
ut 1+ [Ju#|

Hence, v is bounded.
CONTINUITY OF :

() = 5(w)] = 1A% - ) = supl &F — A,

A ) A, =], <0 ~ el -]
= sup
w14 Y i 1+ [luell
< sup |[uff — u| -sup (1) = [ '] - 21 (6-13)

Hence, ~ is uniformly continuous. OJ

Lemma 26 Let sup, ||((t)|| = M < oo and inf; ||C(t)|| = m > 0. Then the map v~ ' : A* — U
s bounded and continuous.

PrOOF: CONTINUITY OF ~1:

() = y(W)] = 1A% = 4] = sup] AF — AL,

MM—MH- )l <o -],
L Py !
- H”;be _ H O I . (6-14)
A Lol
Using this and (6-8), we have
m ||| < 190) = 1) < O]+ Iy < M+ @) - (6-15)

Hence, from (6-14),

o -t < LIy

- <M+ uwub)u)N
< [y (w#) = (@) -

- m

6-5
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1

Hence, 7~ is continuous. Note that (6-14) also gives that

At _ >H b #H m 6-16
1A] tle > Jjug — . 1+HUI7HN ( )

which will be needed below.
BOUNDEDNESS OF y~!: From (6-15),

()] + M = [ - m

Or

M- ()] +1) = [w#]|-m
where M = max(M, 1). Therefore,

]

T M
L+ [y(u®)] = m

< (6-17)

which gives [y '] < M /m. This is the norm [y~ '[(1); however, as stated in the appendix of
9], if M <N, [y vy <21y - O

In the next lemma, we consider whether v is a monotonic function, i.e., if Hul#H < HuQ#H
then H’y(ul#) H < ny(u2#) H Since orthogonality is needed in the proof, in this lemma we use a
weighted Lo norm on U.

The weighted Lo(s,t) space (2-1), —oo < s < t < 0o, with p = 2, is a Hilbert space with
inner product

(u, ) = </: u(T)v(m)w(t — T)dT) v (6-18)

when w(t) > 0 for all . In Lemma 27, we assume the input space U is a Hilbert space with
inner product (6-18).

Lemma 27 If ((t) # 0 for all t and the weighted Ly norm derived from the inner product
(6-18) is used on U with w(t) > 0 for all t, then v is monotonic.

PROOF: Given u#, u’, let HU#HO < HubHO. Define a hyperplane H by

02 {u e U] Hu - “#”0 = Hu - ubHO}. H divides Uy into two regions. Region Ugéé contains u#
and region U] contains u}). With this construction, ug € U# iff Hu - u#HO < Hu - u"HO and

ug € Ug iff Hu — “#Ho > Hu — ubHO. Thus, 09 € US'%. Consider the following quotients:

le—w#lly =l
1+ [l 1+ fJullY

(6-19)

For ug € USéﬁ , the numerator of the right quotient is larger than the numerator of the left
quotient. Consider ug € Ug. Construct a perpendicular P from ug to H. Denote the point in
UO# along P equidistant to H as ug is by @g. Consider the quotients:

le—w#lly L E=lly
1+ [l 1+ [l

(6-20)

6-6
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We have that [|7]|y < [|ull, and that |ju — “#Ho = |ju— ubHO. Hence, the right quotient is
larger than the left quotient. Hence, from (6-19) and (6-20)

o —Flly _ lu—wlly
wo Tl 7w 1

Therefore, if A# = ~v(u#) and A’ = ~(u”) such that |u?]] < HubH, then

e =], - e

N
1+ Hth

HA#I] = supﬂAfEI]t = sup
t K7

< o Il 101
tu 1+ ||ull;

< Sgpﬂfﬁﬂt = |A]

and v is monotonic. [

The input and output spaces U and Y of F' are not the same as the input and output
spaces Y% and U® of F*. With this feature, F'® could not be the inverse of F'. As stated in the
first paragraph in this section of the chapter, an auxiliary system having the same input and
output spaces as the output and input spaces of F'® and having similar behavior to F is
needed. To define the auxiliary system, each u# € U is assigned to an A% € U®. Select a time
function ¢ € [2] € Z, with ((t) # 0, and define an A% : U — Z by (6-5). Also, for y €
Range(F), define a B# : Y — Z by

A
BE)®) 2 [ue - |- )
The auxiliary map G of F has domain {A*} S At C A (see 6-5) and is defined by
A ~
G(AF) (1) 2 o - B, - ¢ (6-21)

The map G is related to F in the following sense. If y* = F(u?) and A% € A# and B* € B*
are derived from u# and y# respectively as described above, then G(A#) = B#. Note that
with domain A% C A, G has range B# C B. Also note that (6-21) defines a unique G
for each F.

Next, we consider whether F'* inverts GG. For this, assume that F' is one to one. Let
y* = F(u”) so that B¥ = G(A%). We have

FU(B*)u(t) = (B Fu(t) = B (Fu)(t)
= H(F (u) —y#)tH (1) = H(F (u) = F (u#))th +C(2) - (6-22)

Denote the set of input-output systems F*B of the form (6-22) by Aﬁ. Define an equivalence
relation “~” for systems in A# and Aﬁf based on null spaces, i.e., two systems are equivalent
if their null spaces are exactly the same. Since F' is assumed to be one to one, using this
equivalence relation on the right hand side of (6-22) we have

~ H (u — u#)th ((t) = (A#)u(t) : (6-23)

6-7
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The systems given by (6-22) and (6-23) are the only two elements in their equivalence class.
Hence, from (6-21) and (6-23),
FYG(A?)) ~ AT 2 (6-24)

The next lemma considers elementary properties of the map G.

Lemma 28 The operator G is memoryless. If sup, ||(t)|| = M < oo and infy ||((t)]| = m > 0,
G is bounded. If, in addition, F is compatibly continuous, then G is compatibly continuous.

PrOOF: MEMORYLESS: Consider A%, A” such that [A# — A°[; = 0 for all s,# € R. This
gives that for all u € U, HA# (u) — Ab(u)Hs , = 0. From (6-5) (and since the “sup” norm is
used on %),

ur =t | - cr) = ur =] -y =0 (6-25)
for all s < 7 < t. Substituting v = u* in (6-25) gives
‘uf—uiT-g(r):Oforaus<T§t. (6-26)
Now, for any y € Y we have
|@a#) —cnwe)| = ||v-Fet) o =y - Fw)| <o)

< |F@) - Feh)| -icmi=o.
for all s <7 <t, from (6-26) and the causality of F'. The above implies
[G(A7) = G(A)]s0 =0,

which indicates that GG is memoryless. Therefore, one memoryless system inverts another
memoryless system. One consideration is how a linear map, F'®, could be the inverse of a
nonlinear map, G. However, note the input space of G is not a linear space. In fact, it is not
closed with respect to addition (see Remark 24).

BoUNDEDNESS: Under the stated condition, it is shown that G is bounded.

Gi(Af
12 il s 15
t t Arear 1+ |A]];

oty
arear ty (14 |yl (@ + [AFIY)

) oo - R,

oarear ty (14 |lyell) (1 + HA#MV)

sup ¢(1)|

4 An alternative to (6-5) and (6-21) are A% (u)(t) = &(ur — uf’) - C(t) and G(AF)(y)(t) = 6(y: — Fi(ul)) - C(t)
where § : U; — R is the delta function, that is d(u;) = 1 if u; is zero and = 0 else. This A# is bounded, but not
continuous; however, the equivalence relation in the invertibility calculation becomes an equality.

6-8
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el + | Fecud)|

< su sup [|C(¢) |
arear ty (L+ [ul )1+ [AFRY)
< (1 |t (6-27)
< + sup sup ——— -
arcar t (1+[AFIY)
A lower bound for |A¥[, is needed. Consider
” ) e IR [9Col
t =8Sup ————— 5 = Sup
SR R A e
HW fl,
> nf ¢(r)] = |[uf]| m - (6-28)
Ul )
Substituting into (6-27) and using g = min(1,m) gives
|7, \
Gl < [1+supsup ——2— | - —=
t uel (14 luellN) ) »
M M
= <1—|—sgp|]Ft|]> i (1+HF|])M—N . (6-29)

ConTINUITY: Finally, we show that G is compatibly continuous under the stated

conditions.
|G A we) - G A )|,

G(A#*) — G(A)]; = su
|G(A™) — G(A)]: 1p Tl

thUfE — t*~tuz
[oe = Eeud]|, ~ | F()M'%M«ml

< sup
y AT

|t = Fucn)|

< su = |ty - R, o

B 7

Since F is compatibly continuous, given u’ for all € > 0, there exists § > 0 such that if

Hufﬁ - UEH < 6 then HE(UZ#) - E(u?)H < ¢, for all . Hence, using (6-16), G is compatibly
t t

continuous. [
We consider the boundedness and continuity of the map p: F — G (p(F) = G).

Lemma 29 Let sup, ||((t)|| = M < oo and inf; [|((t)|| =m > 0. Then map p: F — G is

bounded and continuous.

PrROOF: BOUNDEDNESS: Consider

6-9
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However, this is just given by (6-29) that is,

M
Io] < (L (6-30)

where = min(1, m).
CONTINUITY: Let p (F') = G* and p (F?) = G?. Consider

él A“# _éz A“#
HGI_GQH:SHPHG%_G%Ht:SUPH t( t) ~#t](v t)l]t
t t,A 1+ A7 ];

- erahw - @ahw)|,
CnAy (L lwelly) - (4 TAFIY)

[
- t tl

<s _ " ;
T tAy (1 + llwell,) - (1 + [AFIY) sup | ()]l
o [Eed - Rt
S A+ 1A
-0l L
S e S

using (6-28) 0.
We consider the boundedness and continuity of the map p=1: G — F (p~}(G) = F).

Lemma 30 Let sup, ||((t)]| = M < oo and inf, ||((t)|| = m > 0. Then map p~t:G — F is
bounded. With the coarser C(3.ny topology on G, p~ ! is continuous.

PRrROOF: BOUNDEDNESS: Consider

|Fll, A, 1y pagy
[F] = sup] Fy[¢ = sup ———% = sup v o
5 b L4 Yt L TAQY 1+ ¥

where A = vy(u),

e = B - e 1+ AN
< sup- t N “SUp ——— &
gy (L4 [lyelly) - T4+ TADY) -m w14 fJuel];

sup - Hét(&)(yt)ut _ L+ [AdQY

= by L el) - A+ TADN) - m o 1t (e
[Ge(A))]s ‘ L+ ALY ]G] 14 [ A

= . =-— sup—— =+ . (6-31)
tA LHJALN)  m o T+ Y m 1 Jfug| Y

6-10
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However, using (6-8) we get

L+ QA _ 14 (A [lully) - MY
. L+ fully

=c<00. (6-32)

Using this in (6-31) we obtain

™t (@)1 =1F] < — 1G] (6-33)

c
m
and this gives that p~! is bounded.

CONTINUITY: Let p~! (Gl) = Fl and p~! (G2) = F?2. Consider

|GH(A) — GH(AY]:

HG% — G?ﬂt = sup
A

14 AN
- R, o~ P <o)
oy (L + llyell,) - (1 + [AQY) '

Letting y; = ﬁf (u¢) in the above equation gives for all A, u

_ [P - B -1cw
A+ |Br)]) -+ 1add)

(6-34)

There are two cases to consider in (6-34).
Case 1: Hﬁtz(ut)H < 1. This gives that in (6-34)

[Frw) ~ R, om g gy [P0 - B,

S e P L R P ey ¥ 1§ R TR P SRR

- HﬁtQ(ut) _ﬁtl(ut)Ht m
A+l 2-c

(6-35)

DN | =

where ¢ is the constant in (6-32).
Case 2: Hﬁf(ut)H > 1. This gives that in (6-34)

N | P (o) = Frwn)| - m >Hﬁt2(ut>_ﬁt1(ut>Ht. m- (1 + [lue]Y)

RPN R R TS R o R (R

|Ft) = Bl

>
I (71 ) |21

(6-36)

6-11
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(using (6-32)) where C' is a constant. Combining (6-35) and (6-36), we get that

L c
2.c- 2 |F2,

1G? = Gl vy = |F? — F}(2.ny - min(

Hence,
K - max(1, ”th[lt) : ”G% - G%H(N)t > I]Ft2 - Ftll](2~N)t )
for some 0 < K < oo. Using (6-33) we obtain
K'-max(1, |G} - |G} = Gilwye = |FE = Filnye » (6-37)

For some 0 < K’ < co. Equation (6-37) gives that p~! is continuous, with the Cx topology in
G and the coarser C(s.yy topology in F. From Lemma A.4 in Appendix A of [10], if ' € Cy
then F' € Ca.ny. U

Denote a functional form of the equivalence operator given in (6-23) by D. That is,

A
D(| ) - Pt |- <) 2 |lu—u#| - ¢
We consider the boundedness and continuity of this operator and its inverse.

Lemma 31 Let F(0) =0 and F~' be bounded and continuous. Let B* = G(A™) and
A# = F(B%) as in (6-28). Then D(F*(B%)) = A" so defined is bounded and continuous.

PrROOF: BOUNDEDNESS: Consider

e = || - Ic)I

sup
D[ = sup 4] = sup S T
p# L+ [|FYB#)N g 1+ [Fe(B#)[N
e = || - nceor
P ; o],
1 t
< sup ~+ﬂitut < M + sup i < 00, (6-38)
vt L+ [FBHIY 14 (m - || Fy(l)| )Y
t

since F~1 is bounded and, referring to (6-22), we have

”ﬁa(é#)ﬂ > Hﬁt(ut) B ﬁt(u?)H
Ut 1 + HutHiv

w8

with F'(0) = 0.
CONTINUITY: Let D(F%(B#)) = A# and D(F%(B®)) = A°. Recalling (6-13),

[A# — 4] < Hu#—ubH M . (6-39)

Now,

N B

6-12
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or u#
|ty = Futwp)||, < HH A ) |[Fe(BE) — Fe (B
1+<uAZ*ut/m>

< ) - |1F (B ) = FA (B

from (6-28). Taking the supremum over ¢ on both sides gives

b)H < (At (1A#]/m)N

HF(U# _
m

) [F(B*) = F*(B’)] - (6-40)
We see from (6-38) that for some C

[ A
L4 [Fe(B#)Y

<(C< .

Therefore,
[A#] < C - (1 + [FY(B?)[V) .

Substituting into (6-40) gives

H < (LA [FUBH)/m)N

HF(u#
m

) [F(B*) = FY(B)] - (6-41)
Using (6-39), (6-41) and the continuity of F~!, we conclude that D is continuous. [J

Lemma 32 Let B¥ = G(A%) and A¥ = F*(B*) as in (6-23). Then D1 (A%) = F%(B#) so
defined is bounded and continuous.

PROOF: BOUNDEDNESS: Consider

sup,< | Fr(ur) = Fr(ud)]| - 1C(r)l
Fa Fa(B¥# SuPy 1 N -
0] o L RGO T |
Ak AN = R aF N T 1 (- [fuf | )
t
where we use (6-22) and (6-28),
Gl
SM-(HFI]—I—Sup < 00 .
w1 - o ¥
t

CONTINUITY: Let D™Y(A#) = F4(B#) and D~'(A”) = F*(B"). Consider

[F(B*) - F(B")] = Sgpﬂﬁf@f) — F (B

i - |- [ - -1

< sup
tu 1+ Hut||iv

6-13
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|ty - Fic)|

M = [Fen - Fe (6-42

However, using Lemma 26

1+ <
o = < r(w#) = 1)1 ;
therefore, using this, the continuity of F' and (6-42), D! is continuous. [J
Summary

In this chapter we analyzed the generalized adjoint system. The main theme is invertibility.
Initially, we found that F'® is one to one when F' is onto and F'® is onto when F' is one to one.
With some conditions, F' is one to one when F'® is onto and F' is onto when F'® is one to one.

The analysis continues from the functional viewpoint. The lower portion of Figure 2
depicts the situation. Four equations give the essentials: Equations (6-5), (6-21), (6-22), and
(6-23). Starting with u € U, following Figure 2, the operator v maps U onto U#. A% =+ (u)
is an input-output system form of the input u. This is Equation (6-5). The operator p maps
F to G. Equation (6-21) gives the auxiliary map to compute G (A#) = B# € Y% At the top
of Figure 2, the generalized adjoint gives F'® (B#) = B¥F ¢ U® This is Equation (6-22).
Finally, the equivalence operator, Equation (6-23), gives B# F ~ A%. The remainder, and
bulk of this chapter, is an analysis that provides boundedness and continuity conditions for
the systems and transformations.

The upper portion of Figure 2 shows the situation depicted in Figure 1.
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>

FE
U - Y®
A
P
A F
U » Y
(monotonic) vy P
Y
\ G
A# CUa > B# _ Ya

Figure 2: Functional Diagram
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7 NOISE AND DISTURBANCE BOUNDS USING ADJOINTS

We consider the generalized adjoint in computing bounds for noise and disturbance inputs.
The method of adjoints has been discussed for traditional input-output systems; for example,
in Laning and Battin [4]. Zarchan [14] gives a discussion of adjoints in connection with noise,
disturbances, and other error sources in the homing loop of a missile autopilot. As discussed
in these two references, the adjoint facilitates the calculation of noise and disturbance budgets
and this will be reproduced, to some extent, in the context of generalized adjoints. Let the
input be represented by

u = (u1,u2) (7-1)

where the first component uy of w nominally represents the noise inputs and the second
component us nominally represents the disturbance inputs. The transfer function between
noise input and the output and the disturbance input and the output are assumed to be
different — which is usually the case. Toward the fulfillment of the hypotheses of Lemmas 23
through 30, we assume ( is a constant ¢ in this chapter. We will need that « be monotonic.
Lemma 27 gives this if the input space (7-1) is a Hilbert space. The inner product for the
compound input may given by

<u,v> = <(U,1,U,2), (01’02» = <u1,u2> + <’l)1,’l)2> . (7-2)

With the tapered Ls norm used on u; and ug; and the inner product (7-2), the input space
(7-1) is a Hilbert space. We represent the system in compound form as follows:

Yy = F(u) = F(ul,U2) . (7—3)

In this chapter, the Cn topology is used for F', although in the case of noise and
disturbance inputs it may be more reasonable to use the sup-norm topology of bounded
spaces, Cp. Assume that the output response due to noise and disturbance inputs for an
acceptable design is fixed and bounded. The objective is to determine maximum allowable
noise and disturbance, i.e., determine a noise budget and a disturbance budget. Once these
budgets have been determined, measures are taken so that excessive noise and disturbance do
not enter the system. These measures may include filtering, design, and components.
Typically the noise and disturbances enter the system independently. Therefore, the noise
budget and disturbance budget are computed such that for any noise within the noise budget,
together with any disturbance within the disturbance budget, the output response due to
noise and disturbance is acceptable. We assume that the system is monotonic in the noise and
disturbance, i.e., greater input noise/disturbance results in greater output noise/disturbance.
Specifically, F' monotonic in noise and disturbance means that given (u1,u2) and (uf,u}) such
that || (ur, uz) | < || (), uh) | implies | F(ur,uz)|| < | F(uh, )]

Using the standard method (not using adjoints), various u; and uy are fed into (7-3),
together and separately, since F' is nonlinear. By observing y, budgets for u; and us would be
determined. With adjoints, the budgets are simultaneously determined.

Consider the bound on the output due to the noise and disturbances. We need the output
llyl| = || F(u)]] < C, where C is this bound. Define a subset of B,

Be 2 {B|B =~(y), ||lyll = C}. Since we have that - is monotonic function, we only need
B € B¢ to correspond to 3's at the noise and disturbance bound, which is the edge of the
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shape in the transformed space. Define A¢c C A 2 {A|A = F*(B), B € Bc}. Going back to
the input space, define U D Ug 2 7 1(Ac). Now compute

Ul max = Max ||U1H such that (ul,u2) =uelUg.

Similarly, define uamax. These are the noise and disturbance bounds. This is analogous to
portions of the situations presented in [4] and [14].

In summary, the noise and disturbance effects at the output are design to quantities.
Using the upper and left sides of Figure 2, U is determined. The monotonicities of the system
and the transformation v are essential. The input end has the same monotonicity but does
not have the previously mentioned edge to work with. Two cases may be addressed with
regard to the system input. First, the case where the design is around a fixed input, or
equivalently, an autonomous system. Second, take the input and disturbance together. The
input v is normally modeled to enter the system at the same location as the disturbance d.
This model would have us = u + d. In this case, the disturbance bound discussed would be
parcelled out between the input and the actual disturbance.
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8 EXAMPLE

In this chapter, an illustrative example is presented. An integral operator representation
will be used for the system mapping discussed in Chapter 2. A few of the constructions of this
report are illustrated with this example. Let F; = {(Yy, F;, Up)}, a space of causal
input-output systems, be given by a second degree integral operator. The system equation is

Fi(uo)(o) = /000 /OOO fit+o,v1,v9)u(c — vi)u(o — ve)dvidrs (8-1)

where —oo < o < 0. The input space Uy is the space of real valued Ly time functions over
(—00,0] and Yj is the Banach space of real valued Lo time functions over (—oo,0]. Also, the
kernel f satisfies

f(t,v1,v2) =0 for v1 <0 or vy <0, (8-2)

which is the usual causality condition. The Cy(Up, Yp) norm will be used on F;. It is shown in
Appendix B of [10] that if f € La(R3), then F is bounded. That is, if

0 0o oo 1/2
||ft||é</ Iy !f(t+a,vl,v2)\2dvldz/2do> .
—0o0 J0 0

2
I9ollo < el - uollg -

Hence, |Fi]o < ||ft|l- Recall from (2-8) that |F| = sup;|F;]o. For By = {(Y3, F;, Up)}, consider
the space of causal linear time varying input-output systems represented by

then

o0
Bilwo)(o) = [ b+ ovy(o - v)dv (5-3)
0
where —oo < ¢ < 0 and Zj the Banach space of real valued Ly time functions over (—oo,0]. A

sufficient condition for B to be bounded is b € Lo(R?).
The generalized adjoint system Fy : Y — Uy of F; is given by

F{(Bo)(uo) (o) = (Bokt)(uo)(0) = Ao(uo) (o)

= /000 b(o,v) /000 /000 ft+o—v,vi,v2)u(c — v —vi)u(o — v — ve)dvidvady . (8-4)

The input-output system Ag in (8-4) is not in the form of an integral operator; however, it
can be put in that form by interchanging the order of integration. We conclude that

Ao(ug)(o) = /000 b(o,v) /UV /GV ft+o—v,0—v—v1,0 —v—rvo)u(vi)u(rve)dvidrady

= / b(o,0 —v) / / ft+v,v—vi,v—rvo)u(vi)u(vs)dridvady |

—00
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interchanging the order of integration and using (8-2),

/ / (/ blo,0 —v)f(t+v,v—vi,v— I/Q)dll) u(v1)u(ve)dvidry
max(v1,v2)

/ / (/ b(a,a—u)f(t+V,l/—a+1/1,y—a+u2)d1/>
max(v—v1,v—r3)

u(o — vi)u(o — va)dvidrsy (8-5)

which is in the form of a second order integral operator with the term inside the parentheses
in (8-5) being the kernel. Sufficient conditions to interchange the order of integration are
be LQ(éR2)7 f S L1(§R3) and u € LQ(%)

We verify various properties of the generalized adjoint which were presented earlier. To
demonstrate that F® is memoryless, as given by Proposition 10, consider two systems B!, B2
of the form (8-3) such that B! — B2|s0 = 0, for —0o < s < 0. Then

F{ (B — Bf)(uo)(0) = (By — B§) Fy(uo) (0)

= /Doo(bl(a,y) — b (o,v)) /000 /000 ft+o—v,v1,v2)u(c —v—rvi)u(oc —v —va)dvidradry =0,

where s < o <0, for all ug € Up. Therefore, |F(B} — B3)]so = 0, and F® is memoryless (and
causal).

To demonstrate the time invariance of F'* when F' is time invariant, also in Proposition 10,
let f(t,v1,v2) = f(t',v1,v9) for all t,#' € R. Consider (recalling Rj is the right translate from
Definition 1 and R} is the adjoint right translate from Chapter 3)

(Lo F{ (R Bo))(uo)(t) = (Ls(RsBoLsEy) Rsuo) (o)
:/00 (o,v / / ft+o—v+s,v1,va)Rsu(oc —v+s—v1)Rsu(o — v+ s — vo)dvidvady

/ bau/ / ft+o—v+s,vi,v)ulc —v+s—v;—s)u(c —v+s—ve — s)dvidrady

= F{(Bo)(uo)(0) -
Hence, F¢ is time invariant.
Consider the form of (6-21) for the system (8-1) of this example,

GAF) (1) = |[oe — Fited), - <)

9 1/2
da) -C(t) .

=</too y (o) —

The form of (6-22) and (6-23) for this example is (given f is one to one),

/ / f(o,v1,vo)uf (0 — v)u™ (0 — vo)dvyidyy
o Jo

(F(B#)u(t) = | Futu) — Fi(uf)|| - <0
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S [ s

(u(a —v)u(o — va) —u? (o — v1)u™ (o — 1/2)) dVldV2H2 da) v - ((t)

~ (/_too Hu(a) —u#(a)H2d0> v () -

Note F' is one to one if f(t,v1,v2) 0V t,v1 > 0,v9 > 0.
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9 SUMMARY AND CONCLUSIONS

A generalized adjoint system for a causal dynamical input-output system has been defined.
The input-output system may be nonlinear and time varying. The generalized adjoint system
is patterned after adjoints of bounded linear transformations in Banach space, and inherits
various properties from the original input-output system. The generalized adjoint system is
shown to be a representation of the inverse of the original input-output system. Finally, the
generalized adjoint system may be of some use in computing bounds for noise and disturbance
inputs to the original input-output system.

An input-output system is denoted by a triple (Y, F,U) where U is the input space, F' is
the system map, and Y is the output space. The generalized adjoint system of (Y, F,U) is the
system (U, F* Y*) where Y* = {(Z,B,Y)} and U® = {(Z, A,U)}. The generalized adjoint
system is defined by A = F%(B) = BF € U® for B € Y. Note that the input and output
spaces of the generalized adjoint system, Y* and U respectively, are themselves spaces of
causal input-output systems. The causal input-output system B € Y* may be viewed as a
time function by considering its system trajectory: ¢ — B;. The spaces Y* and U are to be
selected and specific choices were made to fulfill the needs of the report.

The results up to Proposition 17 concern the generalized adjoint system and the
generalized adjoint map. These results include that the generalized adjoint system is always
linear and memoryless. If the original input-output system is time invariant and/or bounded,
then the generalized adjoint is time invariant and/or bounded. The generalized adjoint map is
the map from a family of input-output systems F = {(Y, F?,U)} to their generalized adjoints
Fo={(U% F* Y%} (same input and output spaces for the families). For bounded
input-output systems, the generalized adjoint map is bounded and preserves translations.
Under additional hypotheses, the generalized adjoint map is Lipschitz continuous and is
bounded below, implies its inverse is continuous. The Hahn-Banach theorem is used to obtain
this result.

In the first section of Chapter 6, Lemmas 18 through 21 show, in an algebraic sense, that
the generalized adjoint system is one to one/onto when the original system is onto/one to one,
and vice versa. In the second section of Chapter 6, a functional analysis of the generalized
adjoint system representing the inverse of the original system is given. The input and output
spaces of the generalized adjoint system are not the same as the output and input spaces of
the original system. Because of this, an auxiliary input-output system (Y, G,U?) is defined
which is related to the original system and has the same input and output spaces as the
generalized adjoint system, but switched. Define A# € U? of the form
AT (u)(t) = Hut - uf’EHt - ((t), where ¢ is an element of the equivalence class z, for some z € Z,
with ((t) # 0 for all ¢, (the sup norm is used for Z). The set of all A# is A# C U®. A map
v :U — A# defined by v(u) = A#. ~ is one to one by construction. Lemmas 22 through 27
show the A# € A# are causal, bounded, and uniformly continuous input-output systems; that
7 is monotonic, bounded, and uniformly continuous; and that v~ is bounded and continuous.
(Hence, 7 is a homeomorphism.) The map G is defined by

GAF))(t) 2 ||y = F)| <)

t

The map G is related to F in that if y# = F(u#) and A# € A* and B# € B# are derived
from u* and y# respectively as described above (with «), then G(A#) = B#. Let p be the
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map p: F — G (p(F) = G). Lemmas 28 through 30 show that the auxiliary systems G are
memoryless, bounded, and continuous; that p is bounded and continuous; and that p~! is
bounded and continuous in a coarser topology. We showed F inverts G (hence F') by defining
an equivalence relation for systems in A, [see (6-22) and Figure 2]. Lemmas 31 and 32
consider the boundedness and continuity of the equivalence relation.

Chapter 7 demonstrates how generalized adjoints may be used to compute noise and
disturbance bounds for an input-output system. This is similar to part of the adjoints of
traditional input-output systems (see for example Laning and Battin [4]).

The results of Chapters 4 and 5, and several of the results in Chapter 6 are illustrated in
Chapter 8’s example with a system represented by a second degree integral operator. The

form of the auxiliary system is also shown with this type of system.
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APPENDIX

ON THE INPUT-OUTPUT SYSTEM TOPOLOGY
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This appendix presents various aspects of the input-output system topology that is used in
this report. As appendices are required to be self-contained, we include the definitions of
fitted families (FF's) of time functions, and other relevant definitions, which are also found in
the main body of this report.

Definition A-1 ([A-1]) Let L= L(R, E) be a linear space of time functions from R into a
Banach space E such that any translate of a function in L is also a function in L. Let
N ={|Ils4,—00 < s <t < oo} be afamily of seminorms on L satisfying the
following conditions:

(1) For f1, fa € L, if fi(7) = fa(7) for s <7 <t then || fr — folls, = 0.

(2) Let L denote shift to the left by 7. For all f € L, |Lofll,_,, . = [ flls:-

(8) Let r < s <t. Then for all f € L, ||f||57t < ||f||r,t.

(4) Let v < s < t. Then for all f € £, |y < I flls + 171

(5) There exists 0 < a < 00 and K > 1 such that if 0 <t —r < a and r < s < t, then for

ll £ € L. f],0 < KNS,

The pair (L,N) is called an FF of seminorms on L. The normed linear space formed from
equivalence classes of functions in L with norm ||-||,, is denoted Hsy. The elements of Hy
are the equivalence classes determined by: [ ~ g, f,7g € L if and only if | f — g|l,, = 0. They
are denoted usy, Yst, etc. The set {Hg:}, —00 < s <t < 00, is the FF of normeci linear spaces
gwen by (L,N).
For f € L, put | f||** 2 supger<t || flls .- An FF (L, N) and {H,;}, —00 < s <t < 00, can
be augmented to include ||-||___, by taking the limit s — —oo, since by (3) of Definition A-1
| f|l5; is monotone nondecreasing as s — —oo with ¢ fixed. Let Lo = {feL]
limg oo || £, < 00, t € R}. For f € Lo, define

A .
£, 2 tim_|1f

|s,t = ||f||—oo,t . (A_l)

With the meaning of (£, ) thus extended, |||, ; is defined for —co <'s <t < co. The
left-expanded FF of seminorms is thereby defined and is denoted (Lo, ). It still satisfies all
the Conditions (1),---, (5).

We next define ||-|; ., and Hy . For an FF, this is done by taking the supremum. Let
Loo = {f € Lo|sup; || f||; < oo}. For f € Loo, define

A
[flls00 = sup [l fllss 5 —00<s. (A-2)
t>s

It may be readily verified that if (£, ') is an FF for indices satisfying —oco < s < ¢t < oo then,
with definitions given by (A-1) and (A-2), (Lo, V) is an FF for indices satisfying
—o0 < s < t < oo and satisfies Conditions 1, 2, 3, and 5 of Definition A-1 for indices
—00 < s <t < oo {(Loo,N), [I'lls;, —00 <s<t< oo} is called the expanded family of
seminorms determined by (£, N).

For f € Ly, we put

111 éiggufut = £l o0 - (A-3)

The normed linear space consisting of equivalence classes of functions in Lgg with the norm
(A-3) is called the bounding space H for the family {H,;}. For —oo <r < s <t < o0, and g,
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h € L; the splice of g and h over (r,t] at s is defined and equals f if

f(T)—{ g(r), r<71<s

h(r), s<1<t

belongs to L. It is denoted f,; = g, s+ hst. For t = oo, the splice of g and h equals f if

_ (1), r<7<s
f(T)_{ g(T), s<T

belongs to L. It is denoted f, o = ¢"*4+= hg 0o-

Let ® be a mapping from a normed linear space X into a normed linear space Y. As shown
in Appendix A of [A-3], for any nonnegative integer N, the N-power norm for ® is given by
s o)

sup ——— (A-4)

()
1wy xeX1+||:c||N

when the right side exists. The sub (V) is often omitted from the left hand side of (A-4).
A mapping F': U — Y , is called a (global) input-output mapping [or referred to as an
input-output system (Y, F,U)]. The spaces U and Y are bounding spaces.

Definition A-2 Let (Y, F,U) be an input-output system. F is a causal mapping and (Y, F,U)
is a causal system if and only if for all t and for all u,v € U such that ||u —v||, = 0 it follows
that ||F'(u) — F(v)|, = 0.

If F satisfies Definition A-2 it determines a mapping from U; into Y;, denoted E, that
satisfies HFtut — (Fu)tH = 0. We call F} a truncated input-output mapping and define the
¢

centered truncated input-output mapping Fy : Uy — Yy by Fy(uo) = Ltﬁth(uo).
Using (A-4) on the truncated system mapping, we have

A |73 (o)l H P Ht =
I]Ftl] N)y=8SUp ————= =Sup ———x = [IFt[I N (A_5)
7 U ol e 1 Y

In [A-2] and [A-4] the norm for the global input-output mapping is defined by

A IF@I _

However, in this report input-output systems are themselves used as inputs to the generalized
adjoint systems. Therefore, the norm for the global input-output mapping should be similar
to the norm for an input, as in (A-3). In this report the global input-output mapping is
defined by

[F] = S?p”FtHO 2 Sl;-p[IFt[l—oo,O , (A-7)

[A-3]. We can use subscripts on the operator norms similar to the subscripts in (A-3). The
two global system norms (A-6) and (A-7) are related by

[ET" < £
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Denote the causal bounded input-output mappings from U to Y by Dy (U,Y’). The following
lemma (a special case of Lemma A.1 in [A-3]) gives conditions so Dy (U,Y) is a Banach space.

Lemma A-3 ([A-3]) Let Y_,p and Y be Banach spaces where 0 < b < co. Then
Dy (Uo, Y_t,0) is a Banach space with norm | - [y o and Dy(U,Y) is a Banach space with
norm | - |.

With (A-6) the definition of boundedness, continuity does not imply boundedness for a
linear system, which is usually the case. So, we define a stronger form of continuity.

Definition A-4 ([A-3]) An input-output system (Y, F,U), F € Dn(U,Y) is compatibly
continuous if the truncated maps Fy are equicontinuous.

Our initial lemma relates continuity with compatible continuity.
Lemma A-5 ([A-3]) Compatible continuity is stronger than continuity.

Proof: If ||u—wvl|| = sup; ||u —v||, <4, ie., ||[u—wv|, <J for all ¢, then
Hﬁt (us) — Fy (vt)Ht < g, for all t. Hence, ||F (u) — F (v)|| = sup, HE (us) — Fy (Ut)Ht <e. O

And now we have the following lemma:

Lemma A-6 ([A-3]) Let (Y,F,U) be a linear input-output system. Then compatible
continuity is equivalent to boundedness.

Proof: (i) Consider boundedness: If (Y, F,U) is compatibly continuous, for all |lugl|, =1
or ||dugllg =6, (||F (duo)lly < €) then || F} (uo)|, < /6, for all t. Hence,

F
IF: @l _ <
fuolly =3

for all t, and (Y, F,U) is bounded.
(7i) Consider compatible continuity: We first consider the observation that for F; linear,
the linear operator norm is equivalent to (A-5). Observe that,

F F
i = sup 100l _ 1P ol ol
w L+ uoly  wo Tuolly T+ fluol}
Fi (ug
< SHPM = I]Ftl](linear) .
w  |luolly
Also,
F F F
[Fi] = sup I t(UO)HZS > su | t(uo)H]S _ 1E7 (uo)llg
w L+lluolly — fuol=t 1+ luolly  fuol=1 2
1 1
= 5 © sup HFt (UO)HO = 5 ’ I]Ftﬂ(linear) .
lluoll=1
Putting these together, we have
1
5 ’ I]Ftl](linear) < I]Ftl] < I]Ftl](linear) ) (A'S)
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which gives the equivalence. Getting to the compatible continuity, if (Y, F,U) is bounded,
”Ft (U’O _00>H0 I]Ftl](lmear) HUO_UOHU

2 [Fi] [Juo — vollg < 2 [F[ [luo — volly - O

Denote the set of causal bounded, compatibly continuous input-output systems by
Cn(U,Y). It may be shown that if & = +00, 0 € U, and U is closed with respect to splicing,
compatible continuity is equivalent to continuity [A-3].

Lemma A-7 ([A-3]) Let (Y, F,U) be a causal input-output system. If « = 400, 0 € U and
U is closed with respect to splicing, compatible continuity is equivalent to continuity.

Proof: Let ||us — ve||, < 9. Since av = 400, for all s < t, ||us — vs|y < K- 6. This gives
Hut—|—> Ot 00 — V'4— Otm” < K - 4. By the continuity of (Y, F,U), given € > 0, we may choose
K - § (independent of ¢) such that HF (ut—l——> Ot,oo) - F (vt—f——> Otm) H < e. This gives
HF (ut—l-—> Ot’oo) - F (vt—i——> Ot,oo) Ht < g, and by causality, Hﬁt (ug) — E (vt)Ht < ¢. This is
compatible continuity. [J

The global input-output system being compatibly continuous gives that the truncated

systems are continuous. This may not be said if the global input-output system is continuous,
as demonstrated by the following example:

Example A-8 ([A-3]) In this example a linear input-output system (Y, F,U) is given such
that the global map is bounded under (A-6) and the truncated map is unbounded. Let U be the
space of real-valued Lebesque measurable functions with the exponentially tapered fitted family
of seminorms

t
lull, = / fu ()] 2—dr (A-9)
LetY be the same as U but with
t
loll, = / ly ()] 2T dr (A-10)

such that —oo < a < b < 0. Let F' be the identity. Since F' is linear, the ones in the
denominators of (A-5) and (A-6) may be omitted, (A-8). Consider the class of inputs

T () = e, —T<t<0
Y=Y =0 elsewhere

such that a < x < b. We have that

1B @)l S|
[z, ‘f “TdT‘

1— e(bfac)T

[Fo] >

1 — ela—2)T

- (25)

Since (a — x) is negative, the denominator tends towards one as T increases. Since (b — x) is
positive, the numerator becomes larger and larger without bound, as T increases. Hence, Fy s
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not bounded. Next, consider the global map. For all u € U, define
A pt1
m = sup/ lu ()| dr < oo, (A-11)
p Jp
for all p € R. Taking (A-9) and using (A-11), we obtain

t
lul| = sup/ lu (1) e dr > m - e .
t

—00
Similarly taking (A-10)
t
loll =sup [ Jy(r)] et s

) t—k oo
= supZ/ ly ()] " dr < m'Zebk .
U o/t (k1) k=0

Substituting in (A-6), we see that

=C<x.

bk bk
HFU*SWZZO:OQ :ZZOZOG
m - e% ed

Since C' is independent of u, F' is bounded using the | - |* norm, (A-6).

It is the author’s opinion that it is unsettling when a causal system may have a bounded
global map while the induced truncated systems are unbounded. This example illustrates this
possibility when the global norm is given by (A-6). These types of systems, in the author’s
opinion, should be excluded or treated specially. When the global norm is given by (A-7), this
case s automatically excluded.
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